have used two types of temporal measures to assess the distance between two vehicles traveling in the same direction. Time headway is one commonly used measure and defined as the time duration that it will take for the following vehicle to reach the current position of the leading vehicle (5-7). Time headway measure is related to the reaction time available to the following vehicle driver. Drivers are taught to maintain a headway of 2 s or more to be prepared for any behavior changes of leading vehicles (8). However, studies have found that drivers often violate the standard and follow leading vehicles too closely (4, 6) . The other measure is time to collision, which is defined as the time it takes for the following vehicle to potentially collide with the leading vehicle when continuing at the same speed (7, 9, 10) . The calculation of time to collision provides a measure of crash risk (i.e., time proximity to a crash) and has been considered to be a crucial parameter in controlling avoidance behavior (5).
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Studies on the effect of rear-end crash-warning systems were mainly controlled experimental and driving simulator studies (3, 6, 10, 11) . The purpose of this paper is to investigate the effects of an integrated, in-vehicle crash-warning system on the following behavior of passenger car drivers under naturalistic driving conditions. The following hypotheses are addressed in this study: (a) drivers tend to drive in short headways in general, (b) drivers are expected to maintain longer time headway and a longer time-tocollision from leading vehicles with the warning system, and (c) the expectation is that longer headways will be observed when drivers are driving under a comparably challenging driving environment, such as at night. These differences are also expected to be larger in younger drivers since factors related to driver characteristics are also related to rear-end crashes (12) .
Methods
For the purpose of this paper, data from the naturalistic driving study of the Integrated Vehicle-Based Safety System (IVBSS) program were used. The purpose of the IVBSS program was to build and test an integrated in-vehicle crash-warning system for heavy truck and light vehicles. The integrated warning system integrated four types of warning subsystems: forward crash warning, lane departure warning, lane change and merge warning, and curve speed warning (13) . The integrated crash-warning system used information gathered by inertial, video, and radar sensors, plus a Global Positioning System module and onboard digital map, with a data collection frequency of 10 to 50 Hz. For this study, further analyses were conducted on the IVBSS data.
Longitudinal Driving Behavior with Integrated Crash-Warning System
evaluation from Naturalistic driving data David J. LeBlanc, Shan Bao, James R. Sayer, and Scott Bogard This study created the most extensive set of naturalistic data that has ever been gathered on the following behavior of drivers when interacting with a forward crash-warning system. For the purposes of this paper, data from the naturalistic driving study of the Integrated Vehicle-Based Safety System (IVBSS) program were used. IVBSS data collected from a total of 108 drivers, representing 81,163 steady state following events and 20,096 forward conflict events were extracted and compared. Drivers were from three age groups (younger, middle-aged, and older) and balanced between two gender groups. Three objective measures were used in this study: mean time headway, minimum time to collision, and proportion of time drivers spent in time headway of 1 s or less. Drivers used the research vehicles for 40 days, with the system not activated for the first 12 days and activated for the following 28 days. A linear mixed model was used for the data analysis. Results of this study show that drivers have a tendency to follow more closely when the warning system is activated. It is recommended that a visual display for feedback on real-time safe following distance may help drivers keep a safer distance. This study also observed age-related self-regulation behavior when other vehicles were being followed and showed that older drivers tended to follow farther away from the leading vehicle.
Rear-end crashes account for more than 29% of all crashes and often result in a large number of injuries, fatalities, and property damage (1) . One study reported that approximately 90% of rear-end crashes can be attributed to driver inattention or following too closely (2) . Drivers' precrash behavior and performance are the key factors in determining crash involvement and severities. Dingus et al. summarized that typical rear-end crash situations include drivers failing to attend to the leading vehicle, following too closely, or driving when impaired (3) . The ability of drivers to remain continuously alert and attentive for a prolonged period is limited (4) . Therefore, the design of an in-vehicle rear-end crash-warning system can help reduce the likelihood of rear-end crashes by alerting inattentive drivers to an impending crash and helping them keep a safe distance from leading vehicles.
Maintaining a safe distance from the leading vehicle is one defensive-driving strategy to avoid rear-end crashes. Many studies
In the IVBSS study, sixteen 2006 year model Honda Accords were used as research vehicles. The driver-vehicle interface (DVI) was composed of visual, auditory, and vibrational devices, which included tones from headrest speakers, haptic vibration cues in the seat pan, dash-mounted visual display, and two blind-spot indicators. For the forward crash-warning subsystem, the DVI used auditory information as the primary warning presentation, and a visual text message appeared in the dash-mounted display shortly after each warning was issued to avoid potential distractions. The warnings were designed to be triggered when drivers drove under a time headway of 2.5 s.
data description
Participants were from three age groups, and there were an equal number of male and female drivers in each age group. The age groups examined were younger drivers between 20 and 30 years old (M = 25.2; SD = 2.9), middle-aged drivers between 40 and 50 years old (M = 46.0; SD = 3.0), and older drivers between 60 and 70 years old (M = 64.6; SD = 2.8), where M is mean and SD standard deviation. All drivers received training on the integrated crash-warning system via a video and a demonstration drive while accompanied by a researcher. Each driver used a research vehicle as a personal vehicle for 40 days. The first 12 days served as the no-warning period and the remaining 28 days were the warning period. During the no-warning period, no warnings were presented to drivers while all the devices were still working in the background to collect driving data. Warning functions were enabled and provided to drivers through the DVI under the warning condition. Drivers were notified that their driving data were being collected and video recorded during the whole test period for the purpose of transportation safety research. During the 6-week IVBSS lightvehicle data collection period, a total of 579 forward crash warnings were recorded during the 4-week warning period. The overall warning rate was 0.9 longitudinal crash warnings per 100 mi of travel. Drivers had a valid forward crash warning rate of 0.19 per 100 mi and an invalid forward crash warning rate of 0.21 per 100 mi. Most of the invalid forward crash warnings were related to stopped objects (44%) and vehicles or objects in adjacent lanes (33%). About 84% of the forward crash warnings concerning the moving objects were valid.
data Reduction
Two sets of driving data were extracted and tabulated to create databases containing longitudinal driving behavior information: steady state following events and forward conflict events. The criteria that were used in defining steady state following events and forward conflict events are as follows:
• Steady state following events:
-There was a ±2.0 m/s closing rate between subject vehicle and lead vehicle.
-Each following event identified was required to have a continuous period of 15 s or more.
-Traveling speed of the subject vehicle was 11.2 m/s (25 mph) or greater (the lowest speed requirement to make the warning functional).
• Forward conflict events:
-The deceleration needed to avoid a crash was at least 1 m/s 2 , or the time to collision (TTC) was less than 10 s and simultaneously the deceleration to avoid a crash was less than 0.5 m/s 2 .
-There was a leading vehicle in the same driving lane. -Traveling speed of 11.2 m/s or greater (the lowest speed requirement to make the warning functional) was needed.
The closing-rate filter in the steady state event definition was chosen on the basis of the definition of a typical following event from another naturalistic driving study conducted by Ervin and his colleagues (7 ) . Situations in which leading vehicles accelerated away from the subject vehicle were not included in the analysis. The 15-s time frame served to exclude transition behavior such as changing lanes, making turns, or other maneuvers by either the following vehicle or the leading vehicle. Forward conflict events are defined as the situations in which drivers usually needed to slow their vehicles to avoid potential crashes, whether through braking or releasing the throttle. The three criteria represent the typical forward conflict situations that require driver action to avoid the potential crash (12) .
data Analysis and Variables
The analytic design of the study was a mixed factorial design with two between-subject and five within-subject variables. The betweensubject variables were age and gender. And the five within-subject variables were warning condition, roadway type, wiper state, traffic density, and driving time. The key independent variable was warning condition, which included warning and no-warning phases indicating the availability of the IVBSS functions to drivers. The variable of roadway type had two levels because only following events on freeways and public, paved surface roadways were used in this analysis. The vehicle travel speed is highly correlated with roadway type, high on freeways and low on surface roadways. Therefore, speed was not included as an independent variable in this study. Wiper state was used as a surrogate measure of weather condition with wiper state "on" representing adverse weather conditions. Traffic density was identified through filtered data collected from radar and then further classified into two categories: "sparse" traffic was defined as on-road traffic with either zero or one vehicle observable by the forward radar, and "dense" traffic was defined as on-road traffic greater than one vehicle.
Three objective measures examined in this study were minimum TTC (in seconds), mean time headway (in seconds) during each following event, and the proportion of time drivers spent in a short time headway zone (i.e., 1 s or less). The calculation methods for TTC and time headway are shown in Figure 1 . A nonpositive TTC represents the situations in which drivers are driving at a slower speed or the same speed as the leading vehicle and no additional braking reactions are needed.
Results
A total of 81,163 steady state following events and 20,096 forward conflict events were identified and used in this study. Driver data on time headway and proportion of time drivers spent in short headways were tabulated and calculated for all following events. The minimum TTC values were calculated for all forward conflict events. All three variables were continuous measures, and the analyses were performed with linear mixed models by using the PROC MIXED procedure in the SAS 9.2 statistical software package. The driver and interactions between the driver and any fixed effects were treated as random effects. This accounts for within-subject variance from repeated observations from the same driver and effectively compares a driver with him or herself. The Tukey method was used for the following pairwise comparisons. Nonsignificant effects were removed in backward stepwise fashion. Driving distance during each following and forward conflict event was used as a weighting variable in the models. Figure 2 shows, the minimum TTC value was significantly higher under no-warning conditions than under warning conditions for driving on highways [t(96) = 2.39, differences between estimated means (Δ) = 0.16 s, 95% confidence interval (CI): 0.03, 0.29], while similar TTC values between two warning conditions were observed for driving on surface roadways. Drivers generally had a longer minimum TTC on highways than on surface roads. The observed minimum TTC during daytime driving was shorter (least squares means = 6.99 s) than during nighttime driving (least squares means = 7.19 s, Δ = 0.21 s, 95% CI: 0.12, 0.28). Shorter minimum TTC was also observed with wipers off (least squares means = 7.01 s) than with wipers on (least squares means = 7.21 s, Δ = 0.19 s, 95% CI: 0.09, 0.31). No significant age-or gender-related differences were observed.
Minimum ttC

Mean time Headway
The analysis of variance for the mean time headway data showed significant main effects for age group [F(2, 103) = 14.66, p <.01], wiper state [F(1, 100) = 41.81, p <.01], and traffic density [F (1, 100) = 228.52, p < .01]. It was found that drivers generally maintained a longer mean time headway under no-warning condition (least squares means = 1.92 s) than warning condition (least squares means =1.88 s), although the difference was not statistically significant ( p > .05). The observed mean time headway was the longest for older drivers, followed by middle-aged and younger drivers. The interaction effect between roadway type and daylight driving was found to be significant [F(1, 294) = 5.34, p < .05]. Drivers had a shorter time headway on highways than on surface roads, and the differences were significantly larger during nighttime driving (Δ = 0.64 s, 95% CI: 0.57, 0.71) than during daytime driving (Δ = 0.45 s, 95% CI: 0.40, 0.62). As shown in Figure 3 , drivers generally maintained a longer mean time headway when following other vehicles during nighttime driving than during daytime driving.
Proportion of time in short Headways
The proportion of time drivers spent in a headway zone of 1 s or less during all the following events was also analyzed across the . A higher proportion in the short time headway zone under warning condition was observed (least squares means = 16%) than under no-warning condition (least squares means = 13%, Δ = 3%, 95% CI: 0.02, 0.05). For the three age groups, older drivers spent less time in the short headway zone (least squares means = 8%) than both younger (least squares means = 21%, Δ = 13%, 95% CI: 0.08, 0.17) and middle-aged drivers (least squares means = 15%, Δ = 7%, 95% CI: 0.02, 0.11). Drivers were found to have a lower proportion of time in the short time headway zone with wipers on (least squares means = 12%) than with wipers off (least squares means = 17%, Δ = 5%, 95% CI: 0.03, 0.06). A lower proportion of time was observed during nighttime driving (least squares means = 10%) than during daytime driving (least squares means =18%, Δ = 8%, 95% CI: 0.05, 0.11). Overall, drivers had a higher proportion of time following in short headways when driving on highways (least squares means = 25%) than on surface roads (least squares means = 5%, Δ = 19%, 95% CI: 0.18, 0.22). A higher proportion in the short headway following was also observed when the traffic was dense (least squares means = 18%) than when the traffic was sparse (least squares means = 12%, Δ = 6%, 95% CI: 0.05, 0.07). The interaction between roadway type and traffic density was found to be significant [F(1, 100) = 82.82, p < .01]. Drivers drove less in the short headway zone on surface roads when the traffic density was either dense or sparse, but a significantly higher proportion was observed on highways under high density traffic (Figure 4) .
disCussioN ANd CoNClusioNs
This study was conducted to evaluate drivers' longitudinal driving performance with the presence of an integrated, in-vehicle warning system. To achieve the objective, data on the following behavior of 108 drivers collected during a 6-week period from a naturalistic driving study was used. All drivers used the instrumented vehicles as their own personal cars for daily use. The naturalistic study provided the most extensive set of following behavior data involving interaction with an in-vehicle warning system that has ever been gathered under realistic driving conditions. Objective and subjective measures were used and compared.
Results of this study did not show a positive effect of the warning system on drivers' following behavior. Bao et al. conducted a similar analysis on the effect of an integrated crash-warning system on heavy-truck drivers' headway maintenance performance when follow ing other vehicles (5) . The data used in that analysis were from the same naturalistic driving study (IVBSS), which collected data from two driving fleets, heavy trucks and passenger cars. Both fleets were equipped with a forward crash-warning function. Positive system effects were observed in truck drivers; it was shown that the presence of the warning system led to an increase in mean time headway under difficult driving conditions. One possible reason for the different effects observed between the two driver populations might be behavior differences between truck drivers and passenger car drivers. Truck drivers are all professionals and are generally more conservative. They tend to keep a longer distance when following other vehicles when compared with the distance that passenger car drivers keep, about 1 s longer in regard to time headway on average, according to the findings in the two studies. Professional requirements may also have an effect on the differences observed between the two driver populations. For example, the Michigan commercial driver's license manual requires that commercial drivers maintain a 1-s following distance for each 10 ft of vehicle length at speeds under 40 mph (14) . Another possible reason is the warning presentation design. There was a visual display of current time headways (of 3 s or less) designed for truck drivers, while there was no continuous time-headway feedback designed for the passenger car fleet. Dingus et al. observed a similar trend, which demonstrated that drivers had longer time headways when they were provided with salient visual information on safe headways than when they were not (3).
In controlled experimental and driving simulator studies, drivers have been reported to be able to keep safer distances with the presence of a warning device (3, 6, 10, 11) . Shinar and Schechtman did a field operation study and observed a decreased proportion of time in short headways for drivers after they were provided with a headway measure device with headway feedback (4) . In that study, drivers were told that their headway data were being measured and the device would help them to maintain safe headways. A 25% reduction was reported in the likelihood of maintaining short headways (0.8 s or less) after the device was activated. In this study more aggressive driving behavior was observed when drivers followed other vehicles with the warning system. Drivers spent more time in the short time headway zone (1 s or less) and had shorter minimum TTC values on highways under the warning conditions. One possible reason is that drivers do not realize how close they are following other vehicles. Drivers often underestimate their following distance, especially when driving at a high speed, and they may also feel safer with the installation of these warning systems (7 ). Donmez et al. reported positive effects in reducing distraction activities by providing drivers with feedback (15) . It may be a good idea to include some kind of visual elements providing safe following distance feedback in the warning system design to remind drivers to keep safer distances from leading vehicles. The effects of such feedback systems on following behavior need to be tested in future studies, especially in a long-term run. This study also observed a general self-regulation behavior in drivers. Safer following behavior was observed under compelling situations such as during nighttime driving and under adverse weather conditions (indicated by wiper-use state). Age-related self-regulation behavior was also found in this study. A previous study found that older drivers tend to avoid difficult driving situations such as driving in the rain (16) . This study further found that older drivers tend to maintain a safer distance when following other vehicles. However, risky behavior was observed in young drivers with shorter time headway and a higher proportion of time spent in a short time headway zone while following other vehicles. No gender-related differences on following behavior were observed in this study.
TTC and time headway are important safety measures of following behavior and have been used in many studies. It has been recommended that drivers maintain a minimum of a 2-s headway time to reduce the rear-end crash risk for passenger car drivers (8) , while TTC values in the range of 3.6 to 5.6 s usually correspond to critical situations in which drivers must start the execution of a last-second crash avoidance maneuver (9) . This study found that drivers generally drive in a safe way in real following conditions with a mean time headway of 1.86 s and a minimum TTC of 6.5 s.
In summary, this study created the most extensive set of following behavior data involving interaction with an in-vehicle warning system that has ever been gathered in naturalistic driving conditions and observed a tendency of closer following with the forward crash-warning system activated. A visual display for feedback on real-time safe following distance, which may help drivers maintain a safer distance, is recommended. This study also observed agerelated self-regulation behavior when other vehicles were being followed; the study revealed that older drivers tend to follow farther away from the leading vehicle.
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